We explored the neuroprotective effects of a hexane extract from Uncaria sinensis (HEUS) against glutamateinduced toxicity focusing on its anti-apoptotic mechanism in primary cultured cortical neurons. Pretreatment with HEUS resulted in significantly reduced glutamate-induced toxicity in a dose-dependent manner with a decrease in the release of lactate dehydrogenase. Morphological assay and flow cytometry were performed for determination of the type of cell death; according to the results, treatment with HEUS resulted in a significant reduction of glutamate-induced apoptotic cell death. We examined the anti-apoptotic mechanism of HEUS; treatment with HEUS resulted in markedly decreased expression of death receptor (DR)4, which was induced by glutamate stimulation. In contrast, treatment with HEUS resulted in significantly enhanced levels of expression of glutamate-attenuated XIAP and Bcl-2, as well as marked blockade of glutamate-induced Bid cleavage, which inhibits both extrinsic and intrinsic apoptosis pathways. In addition, pretreatment with HEUS resulted in almost complete blockade of glutamate-induced activation of caspases-8, -9 and -3, as well as cleavage of poly (ADP-ribose) polymerase. These findings suggest that the neuroprotective effects of HEUS against glutamate-induced toxicity occur via inhibition of DR4 and expression of anti-apoptotic proteins XIAP and Bcl-2 resulting in effective abrogation of the activation of caspase cascades and promotion of cell survival.
Introduction
Glutamate, an important excitatory neurotransmitter, plays a key role in learning and memory in the brain, and its concentration is strictly controlled in the central nervous system (1) . However, sudden and excess glutamate stimulation induces neuronal damage and even cell death, known as excitotoxicity (2, 3) . This process is caused by massive influx of Ca 2+ via glutamate receptors into cells, leading to initiation of apoptosis through modulation of several apoptosis-related proteins and activation of caspase cascade (4, 5) .
Another insult of excessive calcium influx attenuates the mitochondrial membrane potential, leading to enhanced Ca 2+ permeability through membrane depolarization of mitochondria and release of reactive oxygen species that can confer apoptosis (6) . Findings from accumulating studies have suggested an association of glutamate-induced excitotoxicity with several neurodegenerative diseases or brain injuries, including ischemia, Alzheimer's and Huntington's disease (7) (8) (9) . Therefore, for identification of therapies and prevention of these diseases, further studies of neuroprotection against glutamate-induced excitotoxicity is needed.
Uncaria sinensis (Oliv.) Havil, a member of the Rubiaceae family, is widely used in traditional medicine; in particular, in East Asian countries. Its hooks with stems are known to provide relief from various nervous-related symptoms, including dizziness associated with hypertension, dementia, and epilepsy (10) (11) (12) . In recent years, studies reporting on plants of the Uncaria genus as pharmacological medicine have been consistent; in particular, several alkaloids and phenolic compounds of Uncaria species have been reported to have antihypertensive and neuroprotective activities both in vivo and in vitro (13, 14) . The phenolic compound isolated from U. sinensis has been reported to exert strong protective effects against glutamate-induced neuronal death (15) .
Despite its multiple pharmacological properties, including neuroprotective activities, its precise molecular mechanism has not been well studied. We prepared a hexane extract of U. sinensis (HEUS), which was found to exert protective Hexane extract from Uncaria sinensis exhibits anti-apoptotic properties against glutamate-induced neurotoxicity in primary cultured cortical neurons Primary cortical cell culture. A previously described protocol with some modifications was used for preparation of primary cultures of cortical neurons from fetal rats (17) . Briefly, E18-E19 Sprague-Dawley (SD) rat fetuses (DooYeol Biotech, Seoul, Korea) were sacrificed by cervical dislocation under anesthesia. All procedures used in these studies followed the guidelines of protocols approved by the Pusan National University Animal Care and Use Committee in accordance with the National Institutes of Health Guidelines. The cerebral cortex was dissected and chopped into small pieces and digested in 0.25% trypsin for 15 min in Ca 2+ and Mg + -free Hanks' balanced salt solution (HBSS), followed by mechanical dissociation using a pasteur pipette. After centrifugation, cells were re-suspended in DMEM supplemented with 10% FBS, 1 mM pyruvate, 4.2 mM sodium bicarbonate, 20 mM HEPES, 0.3 g/l bovine serum albumin, and 1% penicillin/streptomycin at a density of 1x10 6 cells/ml and grown on poly-L-lysinecoated plates in a 5% CO 2 humidified incubator at 37˚C. Forty eight hours after plating, cytosine-β-D-arabinose furanoside was added in order to inhibit proliferation of non-neuronal cells. After three days in culture, the medium was replaced with neurobasal medium containing 2% B27 supplement, 0.5 mM glutamine, and 1% penicillin/streptomycin. Cortical neurons were maintained for 9-10 days in primary culture for use in the experiments.
MTT assay. The MTT assay was used for assessment of primary cortical cell viability. Cortical neurons were seeded in 96-well plates at a density of 5x10 4 /well and incubated for 24 h prior to experimental treatments. After incubation, cells were treated with 200 µM of glutamate for 6 h, followed by treatment with 0.5 mg/ml MTT for 4 h at 37˚C. Formazan crystals formed in cells were solubilized in DMSO and the absorbance was measured at 570 nm using a SpectraMax 190 spectrophotometer (Molecular Devices, Sunnyvale, CA, USA). Results were expressed as a percentage of the control.
LDH assay. Cytotoxicity was measured quantitatively according to release of LDH in the culture medium of cell samples. After treatment, cortical neurons were lysed by addition of lysis solution, followed by incubation at 37˚C for 45-60 min. Sample supernatants were transferred to a 96-well enzymatic assay plate, followed by addition of substrate to each supernatant sample. The enzymatic reaction was allowed to proceed for 30 min at room temperature, protected from light. After the enzymatic reaction was stopped, the plate was read at 490 nm using a SpectraMax 190 spectrophotometer. Data represent the percentage of LDH released relative to controls.
Flow cytometric analysis. After treatment, cortical neurons were harvested and cells were washed twice with cold PBS, followed by re-suspension in binding buffer at a concentration of 1x10 6 cells/ml; 100 µl of the solution was transferred to a flow cytometric tube, followed by double staining with Annexin V-FITC and propidium iodide (PI) in the dark at room temperature for 15 min. Subsequently, 400 µl of binding buffer was added and analysis of the samples was performed using a flow cytometer (FACSCanto™ II; Becton-Dickinson, San Jose, CA, USA).
Hoechst staining. Cortical neurons were grown on poly-Llysine-coated glass coverslips at a density of 5x10 4 cells/ml. After treatment, the cells were fixed in 4% paraformalehyde for 20 min at 4˚C. Fixed cells were washed with PBS three times, followed by staining with 10 µg/ml Hoechst 33342 in PBS for 10 min at 37˚C. The cells were washed with PBS three times and mounted in the medium for fluorescence (Vector Laboratories, Inc.), followed by observation under a laser scanning confocal microscope (LSM 510; Carl Zeiss, Inc., Oberkochen, Germany). Data are presented as the ratio of chromosomal condensation and morphological change as a percentage of total cells. TUNEL assay. Cortical neurons were grown on Lab-Tek ® chamber slides (Thermo Fisher Scientific, Inc., Rochester, NY, USA) at a density of 1x10 5 cells/ml. After treatment, the cells were fixed in 4% methanol-free formaldehyde solution in PBS (pH 7.4) for 25 min at 4˚C. Fixed cells were then washed with PBS, followed by incubation with DNA-labeling solution at 37˚C for 60 min inside a humidified chamber to allow the tailing reaction to occur. The DNA-labeling reaction was terminated by 2X SSC, and followed by washing for removal of unincorporated fluorescein-12-dUTP. The cells were then counterstained with 1 µg/ml PI solution in PBS for 15 min at room temperature in the dark. Apoptotic neurons were determined by localization of green fluorescent cells (fluorescein-12-dUTP) on a red background using a fluorescence microscope (Carl Zeiss, Inc.). Data are presented as apoptotic cells as a percentage of total cells.
Western blot analysis. After treatment, cortical neurons were washed in cold PBS buffer, followed by homogenization in lysis buffer [200 mM Tris (pH 8.0), 150 mM NaCl, 2 mM EDTA, 1 mM NaF, 1% NP-40, 1 mM PMSF, 1 mM Na 3 Vo 4 , protease inhibitor cocktail]. Equal amounts of proteins were then separated by 10-12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), after which the resolved proteins were transferred to a nitrocellulose membrane (Whatman GmbH, Dassel, Germany). The membrane was blocked with 5% skim milk, followed by exposure to the appropriate antibodies. All bands were visualized using horseradish peroxidase-conjugated secondary antibodies and an enhanced chemiluminescence system (Pierce Biotechnology, Inc., Rockford, IL, USA). Results of the western blot assay reported here are representative of at least three experiments.
Caspase assay. After treatment, quantification and homogenization of cortical neurons were performed in order to recognize activation of cellular caspase; 150 µg protein in cortical neurons was mixed with extraction buffer [40 mM HEPES (pH 7.4), 20% glycerol (v/v), 1 mM EDTA, 0.2% NP-40, and 10 mM DL-DTT] containing 100 µM fluorogenic peptide substrate, followed by dilution with extraction buffer, setting a volume of 100 µl/sample in a microtiter plate. Caspase-3, -8 and -9 substrates were used with Asp-GluVal-Asp (DEVD)-p-nitroaniline (pNA), Ile-Glu-Thr-Asp (IETD)-pNA and Leu-Glu-His-Asp (LEHD)-pNA, respectively. Caspase activities were determined by measurement of absorbance (405 nm) of prepared plates after incubation for a period of 3 h.
Data analysis. All data are expressed as means ± SEM and analyzed using the SigmaStat statistical program version 11.2 (Systat Software, Inc., San Jose, CA, USA). The paired Student's t-test was used for analysis of data. A P-value <0.05 was considered to indicate a statistically significant result.
Results

Treatment with HEUS reduces glutamate-induced cytotoxicity.
In order to determine whether HEUS is protective against glutamate-induced toxicity, cell viability was measured by MTT assay. Cortical neurons were pretreated with various concentrations of HEUS (0.1-10 µg) for 24 h, followed by exposure to glutamate at a concentration of 200 µM for a period of 6 h. Stimulation with glutamate alone resulted in reduced cell viability, ~34% of that of the control, however, pretreatment with HEUS resulted in significantly reduced glutamate-induced toxicity in a dose-dependent manner (Fig. 1A) . Next, the protective effects of HEUS were also estimated according to changes in the intracellular release of LDH. The level of LDH release showed a significant increase, to 47.6%, after exposure to glutamate, while treatment with HEUS resulted in a marked decrease in the release of LDH, to 38.4 and 24.9%, at a concentration of 1 and 5 µg/ml, respectively (Fig. 1B) . The protective effects of HEUS were also confirmed by morphological observation using a phase-contrast microscope. Exposure to glutamate resulted in significant cell insult to the cortical neurons, including diminution of cellular processes and decrease in refraction; these morphological features showed marked recovery when cells were pretreated with 5 µg/ml of HEUS (Fig. 1C) . These results indicated that pretreatment with HEUS can exert a protective effect against glutamate-induced toxicity in primary cortical neurons.
Treatment with HEUS reduces glutamate-induced apoptotic neuronal death.
Findings from recent studies suggest an association of glutamate-triggered cell death with both apoptotic and necrotic processes (18) . In order to determine the type of cell death induced by glutamate, we performed several morphological assessments under our experimental conditions. Upon nuclear staining with Hoechst 33342, cortical neurons showed typical morphological signs of apoptosis, including nuclear and cytoplasmic shrinkage, and chromatin condensation, after exposure to glutamate, compared with control cells, which had regular and round-shaped nuclei. However, treatment with HEUS resulted in a significant reduction in these apoptotic features by ~30.8, 22.6, 13.2 and 7.0% from 33.2% as observed in the glutamate-treated cells at a concentration of 0.1, 0.5, 1 and 5 µg/ml, respectively ( Fig. 2A) . Next, we performed TUNEL staining, which is designed for detection of DNA strand breaks and quantitation of apoptosis. Consistent with the results of Hoechst staining, after exposure to glutamate, cortical neurons showed a ratio of nuclear DNA fragmentation in total cells to 37.3%. Treatment with HEUS resulted in a marked reduction in TUNEL-positive cells to 18.0 and 7.0% at a concentration of 1 and 5 µg/ml, respectively (Fig. 2B) . We further confirmed our results by performance of flow cytometry with Αnnexin V FITC/PI staining. Τhe percentage of apoptosis in glutamate-treated neurons was up to 38.2%, while the proportion of necrotic cells showed a slight increase to 10.9% (Fig. 3) . These results indicated that after exposure to glutamate, cortical neurons underwent extensive apoptotic-like deaths under our experimental conditions. However, treatment with HEUS resulted in a significant decrease in the number of glutamate-induced apoptotic cells, from 19.7 to 7.9%, at a concentration of 1 and 5 µg/ml, respectively (Fig. 3A) . These results suggest that pretreatment with HEUS results mainly in protection of cortical cells against glutamate-induced neuronal apoptosis.
HEUS inhibits neuronal apoptosis via expression of DR4
and anti-apoptotic proteins. Mediation of apoptosis occurs primarily through activation of death receptors and/or mitochondrial signaling (19) . Next, using western blot analysis, we evaluated the levels of DRs and apoptosis-related gene expression. Εxposure to glutamate resulted in markedly enhanced expression of tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) receptor DR4, whereas, its expression was reduced by pretreatment with HEUS (Fig. 4) . Attenuation of TRAIL-induced apoptosis is also known to occur through upregulation of numerous anti-apoptotic proteins, including IAPs, which are potent suppressors of apoptosis (19) . Thus, we attempted to determine whether the neuroprotective effect of HEUS was involved in expression of IAP family members. Pretreatment with HEUS led to significantly increased expression of glutamate-attenuated XIAP protein, but not cIAPs. Next, we investigated the effect of HEUS on members of the pro-and anti-apoptotic Bcl-2 family, a key regulator of apoptosis. After exposure to glutamate, cortical neurons showed significantly decreased levels of Bcl-2, compared with the control. However, treatment with HEUS resulted in markedly increased glutamate-attenuated anti-apoptotic Bcl-2 expression without alteration of pro-apoptotic Bax expression. Another pro-apoptotic member of the Bcl-2 family, Bid, is cleaved to its truncated active form; tBid induces permeabilization of the outer mitochondrial membrane, leading to promotion of apoptosis (19) . Treatment with HEUS resulted in slight recovery of glutamate-attenuated whole Bid expression at a concentration of 5 µg/ml. These results suggest that pretreatment with HEUS inhibits neuronal apoptosis via both inhibition of DR4 and activation of anti-apoptotic proteins XIAP and Bcl-2.
Treatment with HEUS reduces activation of glutamateinduced caspases.
Eventually, activation of the caspase . Western blot analysis of apoptosis-related genes in glutamatetreated cortical neurons. Cells were pretreated with HEUS (1 and 5 µg/ml) for 24 h, followed by exposure to 200 µM glutamate for 6 h. Cells were lysed and equal amounts of cellular proteins were subjected to western blot assays using the indicated antibodies. Equal protein loading was confirmed by β-actin expression.
cascade was induced during the process of glutamate-induced neuronal apoptosis (5, 20) . Thus we investigated expression and activities of caspase-8, -9 and -3, which could act either as initiator caspases or as effector caspases, with involvement in both death receptor-and mitochondrial-initiated apoptosis. Western blotting data showed that treatment with HEUS resulted in significantly decreased expression of the cleaved active form of caspase-3 (Fig. 5A) . Neither of the active forms of caspase-8 and -9 was detected in our studies, however, treatment with HEUS induced an increase in their proforms. To further confirm involvement of caspases, we assessed their activities in the lysates of the cells. Exposure to glutamate to cortical neurons resulted in markedly increased activities of caspase-8, -9 and -3, whereas these activities were significantly attenuated by treatment with HEUS (Fig. 5B) . In addition, pretreatment with HEUS resulted in significantly decreased glutamate-enhanced cleavage of PARP, a downstream target of the activated caspase-3 (Fig. 5A) . These results suggest that pretreatment with HEUS results in inhibition of neural apoptosis via inhibition of caspase-8, -9 and -3 activation.
Discussion
The controlling mechanisms of glutamate excitotoxicity, a pathological process that causes damage leading to neuronal cell death, have yet to be fully established (2, 3, 21) . In particular, we observed that Uncaria species have been intensively studied for use as a pharmacological medicine against diverse neurological symptoms (13-15). Alkaloids and phenolic compounds from hooks and stems of U. sinensis have been reported to exert inhibitory effects against glutamate-induced neuronal death by inhibition of Ca 2+ influx in cultured celebellar granule cells (22) . The main alkaloid constituent of Uncaria species, rhynchophylline, has been reported to exert strong antihypertensive and neuroprotective activities against cerebral ischemia (13) .
However, no studies concerning the precise molecular mechanism of the protective effects of Uncaria species against glutamate-induced neurotoxicity have been reported. We prepared a hexane extract of U. sinensis; protection of the brain from ischemic injury by HEUS has been reported in mice, and its mechanism may, in part, be attributed to regulation of Akt/endothelial nitric oxide synthase signaling (16) . Findings of our previous studies suggest that HEUS may have a neuroprotective role; therefore, we explored the neuroprotective effect of HEUS against glutamate-induced neurotoxicity in cultured primary cortical cells and investigated the molecular mechanism underlying these effects.
First, we demonstrated that glutamate stimulation resulted in significant induction of toxicity in primary cortical neurons, while pretreatment with HEUS resulted in significantly increased cell viability in a dose-dependent manner (Fig. 1A) . These results showed a correlation with those of the LDH release assays (Fig. 1B) , and analyses of cell morphology (Fig. 1C ) revealed that pretreatment with HEUS effectively protects impaired cortical neurons following glutamate stimulation.
An association of glutamate-induced neuronal death with necrosis and apoptosis, or both, mixed type, depending on the timing and severity of stimulation, has been noted (18, 23) . Thus, we performed morphological analyses using Hoechst staining, TUNEL assay, and flow cytometric analysis in order to determine whether pretreatment with HEUS prevents either glutamate-induced apoptotic or necrotic cell death. According to our results, glutamate stimulation resulted predominantly in induction of apoptosis, compared to untreated control cells, with only slight elevation of necrosis. In addition, pretreatment with HEUS resulted in effective suppression of glutamateinduced apoptosis (Figs. 2 and 3) . These results serve to Figure 5 . Western blot analysis and caspase activity assay of caspase-3, -8 and -9 and PARP in glutamate-treated cortical neurons. Cells were pretreated with HEUS (1 and 5 µg/ml) for 24 h, followed by exposure to 200 µM glutamate for 6 h. (A) Cells were lysed and equal amounts of cellular proteins were subjected to western blotting assays using anti-caspase-3, -8, -9 and PARP antibodies. Equal protein loading was confirmed by β-actin expression. (B) Quantitative analysis of caspases-3, -8 and -9 activity in vitro. Cell lysates were prepared and assayed for in vitro caspase-3, -8 and -9 activity using DEVD-pNA, IETD-pNA and LEHD-pNA, respectively, as substrates. establish that pretreatment with HEUS results in effective inhibition of glutamate-mediated apoptosis in primary cortical neurons, thus exerting a neuroprotective effect.
Some reports have demonstrated the involvement of TRAIL-mediated apoptosis in the pathogenesis of several neurodegenerative diseases of the central nervous system (24, 25) . Blockade of TRAIL-induced apoptosis in the CNS may be a new molecular therapeutic target for treatment of neurodegenerative diseases. In the present study, we found that glutamate stimulation resulted in elevated levels of TRAIL-mediated receptor DR4, while, pretreatment with HEUS resulted in a critical decrease in its expression (Fig. 4) . These results indicated that pretreatment with HEUS inhibits extrinsic/receptor-mediated apoptosis pathways by regulating expression of TRAIL/DR4 signaling. Although these findings do not account for a prominent role in TRAIL-mediated apoptosis, this could be an indication that the anti-apoptotic effect of pretreatment with HEUS might be a good model for investigation of the molecular basis of TRAIL-mediated apoptosis.
Next, we observed that pretreatment with HEUS resulted in significantly enhanced levels of expression of glutamate-attenuated XIAP, Bcl-2, and marked blockade of glutamate-induced cleavage of Bid (Fig. 4) . These results indicated that the anti-apoptotic effect of pretreatment with HEUS is not a direct result of altered receptor expression, and that it should induce potent inhibition of both extrinsic and intrinsic apoptosis pathways involved in extrinsic/receptor-mediated cascades (i.e., by downregulation of DR4) and the intrinsic/ mitochondrial-mediated apoptotic pathway (i.e., by upregulation of XIAP, activation of Bcl-2, and downregulation of Bid cleavage). These findings are particularly important since Bcl-2 is known to exert protective action through regulation of mitochondrial membrane potential and to block release of cytochrome c through caspase cleavage (26) .
Thus, we attempted to determine whether the anti-apoptotic mechanisms of pretreatment with HEUS were involved in inhibition of caspase activation. Although the exact mechanism of glutamate-induced apoptosis has yet to be fully established, an association of glutamate-induced apoptotic cell death with upregulation of caspase-3 and its activation has been noted (20, 21) . In addition, recent studies have reported that use of herbal extracts or their bioactive compounds can result in improvement in the protective activities through modulation of cell survival genes and signaling or downregulation of caspase activity, which is one way of providing protection against neuronal injury (27, 28) .
Thus, through use of western blot analysis and caspase activity assay, we extend our observation of downstream events of cascase cascade activation. Pretreatment with HEUS resulted in marked attenuation of glutamate-induced caspase-8, -9 and -3 activities, subsequently leading to blocked degradation of PARP-1, caspase-3 target protein (Fig. 5) . These results suggest that pretreatment with HEUS can result in strong suppression of glutamate-induced apoptosis through inhibition of a caspase-dependent pathway, which might contribute to the neuroprotective effect of pretreatment with HEUS.
Consequently, we demonstrated that pretreatment with HEUS exerts significant anti-apoptotic effects against glutamate-induced neurotoxicity in primary cultured cortical neurons. Futhermore, these effects are mediated by the regulation of both death receptor-and mitochondrial-mediated apoptotic pathways, particularly expression of DR4, XIAP and Bcl-2. Therefore, our findings suggest the potential for HEUS as an attractive candidate for use as a therapeutic approach to treatment of various neurodegenerative diseases associated with glutamate injury.
